Abstract Numerical and experimental investigation results on the magnetohydrodynamics (MHD) film flows along flat and curved bottom surfaces are summarized in this study. A simplified modeling has been developed to study the liquid metal MHD film state, which has been validated by the existing experimental results. Numerical results on how the inlet velocity (V ), the chute width (W ) and the inlet film thickness (d0) affect the MHD film flow state are obtained. MHD stability analysis results are also provided in this study. The results show that strong magnetic fields make the stable V decrease several times compared to the case with no magnetic field, especially small radial magnetic fields (Bn) will have a significant impact on the MHD film flow state. Based on the above numerical and MHD stability analysis results flow control methods are proposed for flat and curved MHD film flows. For curved film flow we firstly proposed a new multi-layers MHD film flow system with a solid metal mesh to get the stable MHD film flows along the curved bottom surface. Experiments on flat and curved MHD film flows are also carried out and some firstly observed results are achieved.
Introduction
There are still no suitable solid materials for the Plasma Facing Components (PFCs) of the magnetic fusion reactors, which can simultaneously withstand the high heat flux and neutron damage from the burning plasma, so a liquid metal (LM) free surface was proposed as the surface of the PFCs to solve the above issues [1−5] . Liquid metal such as lithium flows past solid structure materials which can be named as free surface film flow, is normally used as the surface of the divertor or limiter of the magnetic fusion reactors. The liquid metal PFCs have many advantages compared to the solid PFCs such as the high power density capability, which can sustain the heat flux up to 50 MW/m 2 while the solid PFCs can only treat the heat flux up to 20 MW/m 2 for the steady state [6] . In addition the liquid PFCs can reduce the radiation damage in solid structure materials if the lithium is used because it can absorb most of the neutrons and some high energy particles [6, 7] . There are no thermal stress and erosion issues for the liquid PFCs because the flowing liquid metal film can be self-renewed in fusion reactors. Moreover the plasma experimental results from the tokamaks such as FTU, NSTX, CDX-U [8−10] indicated that the use of lithium as PFCs can improve the plasma stability and confinement. However, the liquid metal film flows through the strong magnetic field that can be in excess of 7 T, which will cause strong magnetohydrodynamics (MHD) effects because of the Lorentz force acting on the liquid metal. The Lorentz force will greatly change the film flow state and cause MHD instability in some cases, so it is very challenging to establish a uniform and stable film flow under the impacts of the strong magnetic field and the high energy particles in magnetic fusion reactors. It is important to predict the MHD behavior of the liquid metal film flows under the impact of the strong magnetic field and advance the understanding of the MHD stability mechanism in the environments of the magnetic fusion reactors.
The MHD effect of the liquid metal film flow is one of the crucial scientific issues to be solved for the success of the liquid PFCs, which has been investigated by many theoretical and experimental studies [10−16] . Those investigations indicated that the Lorentz force would cause MHD instability of the film flows under the strong magnetic field of the fusion reactor. An important experiment on the MHD film flow has been performed by Xu et al. [11, 12] , in which the retardant film flow that is characterized by the film thickness increases rapidly and even the film that cannot flow to the downstream has been observed. The retardant film flow has also been observed from theoretical and other experimental results [6] , which is caused by the drag of the Lorentz force and cannot be used for the liquid PFCs. The other MHD instability phenomena such as the film flow was pushed away from the sidewalls and the liquid metal sputtering were also observed from UCLA's (University of California, Los Angeles) experimental results [13, 14] . Although many MHD instability phenomena have been observed from experimental and theoretical results, there is still no effective flow control method for the MHD film flow under the strong magnetic field. In addition, it is very difficult to perform the full three dimensional numerical simulation on the MHD film flow under the international thermonuclear experimental reactor (ITER) relevant conditions because of the multi-scale physics.
In this study, a new average simplified modeling has been developed to predict the MHD behavior of the liquid metal film flow under the influence of a strong external magnetic field. This developed code based on the average modeling can treat the flat or curve film flow under the uniform or gradient strong magnetic fields. The film flows along the insulating or conductive chutes that have been individually investigated to get the effect of the initial conditions such as the width of the chute (W ), the inlet velocity (V ) and film thickness (d 0 ) on the MHD film flow state. In addition the MHD stability analysis has been performed based on the equilibrium equations to find some effective method to control the MHD instability of the liquid metal film flow. Based on the above numerical and MHD stability analysis results, flow control methods for liquid metal film flows along the flat bottom surface are proposed. Then we propose a new multi-layers MHD film system with the help of solid metal mesh to get a stable MHD film flow along the curved bottom surface under a strong magnetic field. Experiments about flat and curved MHD film flows are also carried out and some firstly observed MHD phenomena will be provided in this study. Liquid metal free surface film flowing along a chute is shown as Fig. 1 , the chute is inclined and the angle with the direction of gravity is theta. The liquid metal flows along the X direction and the toroidal magnetic field (B 0 ) along the Z direction, the radial field (B n ) along the Y direction. W in Fig. 1 denotes the width of the chute and d 0 is the initial film thickness, d s is the local film thickness which is changed with the flow distance. The liquid metal free surface film flows along the chute in a strong magnetic field, there are gravity, Lorentz force and viscous resistance acting on the film flow. If we only consider the flow state along the X direction and the averaging velocity denotes the flow state in each cross section, the governing equations on such flows are shown as follows:
Eqs. (1) and (2) are the mass conservation, and Bernoulli equations respectively. The variables of ρ, g, and h f in the above equations are density, gravity, and frictional head loss respectively, and z i , z i+1 are the distance of the adjacent cross section to the ground, p i , p i+1 are the average pressure of the adjacent cross section of the film flow. Eq. (2) can be applied to the MHD film flow as follows:
In Eq. (4):
And
In formula (5) k p is the dimensionless MHD pressure drop coefficient, in the case of all conductive walls, which is defined as:
In the case of all insulating walls, k p (i) is defined as:
where Ha(i) is the Hartmann number, which is defined as:
is the ratio of Lorentz force to viscous force), here σ fluid , and η are the electrical conductivity and dynamic viscosity of liquid metal respectively. In formula (7), c is the dimensionless wall conductance ratio, which is defined as: c = σ fluid tw/σ solid a, and σ fluid , σ solid , a, b(i) are the electrical conductivity of liquid metal and solid walls, half width of the chute, and half width of the local film thickness respectively.
In formula (6) , λ(i) is the frictional coefficient which is changed with flow distance and can be estimated from the formula:
In formula (8), ∆, d(i), Re(i) are wall roughness, hydraulic diameter, and Reynolds number respectively, all above variables are changed with the flow distance except wall roughness.
Numerical schemes
Eq. (4) can be written as follows when formulas (5) to (8) are taken into account:
where:
The space marching method is employed to solve Eq. (9) when the initial conditions such as the inlet velocity and initial film thickness are given. The mesh points are at least 1000 along the flow direction to ensure the numerical accuracy; when the inlet velocity is given, the velocity in the next cross section can be obtained by the space marching method, then the film thickness can be solved by Eq. (1).
Validation of the modeling
The developed modeling should be validated by analytical solution or experimental results because it is firstly proposed to simulate the MHD flow state of liquid metal film. In this study the experimental results from Refs. [11, 12] are used to validate the developed modeling. The comparison results between numerical simulation and experiment are shown as Fig. 2 . The numerical result of Fig. 2(a) shows that under the condition of B 0 =1.725 T, V =0.5 m/s the film thickness increases dramatically in the flow distance of X=0.3 m, the big film thickness is about 5 times bigger than the inlet thickness, which can also be observed from the experimental result of Fig. 2(b) .
The experimental result of the Na 22 K 78 alloy film flowing through the strong gradient magnetic field is shown as Fig. 2(d) , the big magnetic field is equal to 1.99 T and the gradient field is shown in Fig. 2(c) . From the experimental results we can see that the film 
Results and discussion
The flow state of the liquid metal film will be significantly affected by the initial and boundary conditions such as the initial velocity and film thickness, the size, shape and wall electrical conductivity of the chute etc. The Lorentz force will change dramatically when those conditions change especially under the condition of a strong magnetic field which maybe exceeds 7 T. So it is important to investigate how the MHD film flow state is affected by those conditions. In this study, effects of inlet velocity (V ), inlet film thickness (d 0 ) and the width of the chute (W ) on the MHD film flow state are investigated based on the above validated modeling. Liquid metal lithium is used in the numerical simulations because it is the low Z material, and has a very big advantage over other liquid metals for plasma quality and control such as long pulse discharge and steady state operation [17, 18] . So liquid lithium may be the best choice for liquid PFCs of fusion reactor considering the plasma control.
Effect of the inlet velocity on MHD film flow state
Fig . 3 shows the dimensionless velocity of liquid lithium film changes with the flow distance in the case of the insulating chute wall, which indicates that one W corresponds to one V 0 when the MHD flow state is stable. The stable state denotes that the film thickness and velocity do not change with flow distance. From Fig. 3 we can see that the stable V 0 is equal to 0.559 m/s when the chute width is 100 mm but the stable V 0 is 1.6387 m/s when the width changes to 500 mm. These results indicate that the stable V 0 increases with the increase of the chute width. When V 0 is bigger than the stable V 0 , the velocity decreases with the flow distance because of the drag of Lorentz force. Especially for the big inlet velocity such as 10 m/s in Fig. 3(a) , the local velocity in the flow distance of X=1.2 m is almost equal to 0, which indicates that big V 0 will often cause MHD instability phenomena. we can see that an increase of the chute width can reduce the MHD instability and the wider chute can ensure much bigger velocity without MHD instability.
The dimensionless velocity which is scaled by V 0 changes with flow distance in the case of conductive chute wall is shown in Fig. 4 , from which we can see that the drag of Lorentz force is more obvious than the insulating wall case. Fig. 4(a) shows that the stable V 0 is only equal to 0.023 m/s when the chute width is 100 mm, MHD instability phenomena occur when V 0 is bigger than 0.03 m/s and the local velocity almost decreases to 0 m/s when V 0 is 0.05 m/s. From Fig. 4(b) we can see that the stable velocity increases to 0.4977 m/s when the chute width is equal to 500 mm, which indicates that MHD instability can be reduced by increasing the chute width, this conclusion is the same as the case of the insulating wall. Fig. 4(b) also shows that the local velocity will almost decrease to 0 m/s when V 0 is bigger than 1 m/s, compared to the results of Fig. 2(b) it can be seen that MHD instability is more obvious in the case of a conductive wall than the case of an insulating wall. As we know the high heat flux of a liquid divertor needs high velocity to take away the heat from the plasma, but the above results indicate that a higher velocity normally causes the MHD instability such as the local velocity may be reduced to 0 m/s. In the case of Fig. 3(b) it can ensure the velocity of 20 m/s without MHD instability, so the MHD instability can be reduced by using the wider chute with the insulating wall. 5 shows the dimensionless velocity of liquid lithium film changes with the flow distance under different W conditions, which confirms the conclusion that an increase of the chute width can reduce the MHD instability in section 3.2. The results in Fig. 5 indicate that the local velocity does not change corresponding to one chute width (W e ), this MHD film flow state is stable. When the width is bigger than W e the local velocity increases with flow distance, which is because in this case the flow state is gravity driven dominant. When the width is smaller than W e the local velocity decreases with flow distance, which is because in this case the flow state is Lorentz force drag dominant. In the case of Fig. 5(a) with an insulting wall the local velocity decreases little. But in Fig. 5(b) with a conductive wall the local velocity decreases almost to 0 m/s when the chute width is 300 mm, which indicates that MHD stability of film flow is sensitive to the wall conductivity of the chute. The dimensionless V changing with X under different d 0 conditions in the conductive chute wall case is shown in Fig. 6(b) , from which we can see that there are two inlet film thicknesses (d e1 and d e2 ) corresponding to the stable film flow state. From a mathematical consideration this is because there are two solutions in the MHD equilibrium equations and from a physical consideration the reason is the gravity can be balanced by Lorentz force or viscous resistance, which corresponds to two different film thicknesses which can satisfy the flow state. When d 0 is between d e1 and d e2 the local velocity increases with flow distance which is because the flow state is gravity driven dominant. The local velocity both decreases with flow distance when d 0 is bigger than the big stable d e2 or smaller than the small stable d e1 , which is because the flow state is Lorentz force drag dominant. Fig. 6 also indicates that the MHD instability phenomena are more easily occurring in the conductive wall case than the insulating wall case, from Fig. 6(b) we can see that when d 0 is equal to 10 mm the local velocity decreases to almost 0 m/s in the given conditions. 
MHD stability analysis and results
The desired MHD film flow state for liquid divertor is stable, uniform and can cover the whole bottom wall. It is necessary to investigate how to get the stable state of the MHD film flow through the equilibrium analysis. The equilibrium equation of the MHD film flow is shown as follows:
Here F mg , F j and F f are gravity, Lorentz force and frictional drag respectively, while d H is the hydraulic diameter of the chute. In the case of an insulating chute wall Eq. (10) can be written as below:
(11) When the chute wall is conductive Eq. (10) can be written as below:
(12) From Eqs. (11) and (12) we can get the relationship of stable V with the chute width, the inlet film thickness (d 0 ) etc. The effect of W and d 0 on the stable V can be obtained through the MHD stability analysis, and then we can give some MHD instability control methods based on the above analysis results. Fig.7 Relationship of the stable V with the bottom width of the chute Fig. 7 shows the relationship of the stable V with the chute width, from which we can see that in the three cases the stable V all increase with the increase of W . But compared with the no magnetic field case, the stable V in the other two cases is smaller, which is because of the drag of Lorentz force. Fig. 7 also indicates that an increase of the width can increase the stable V which is an advantage for MHD stability of lithium film flow, but after the width increases to 2 m the stable V changes little when increasing the width. Because the film flow is easily developed to a rivulet flow, which is not desired for a liquid divertor for not covering all the bottom solid surface, so the chute width for the liquid divertor is best limited within 1 m. From Fig. 7 we can see that the stable V in the conductive wall case is smaller than the cases of insulating wall and no magnetic field. If the chute width for the liquid divertor is designed smaller than 1 m, we can reduce the MHD instability of the film flow using the insulating wall. If the conductive wall must be used for the liquid divertor because there are no suitable insulating coats or materials compatible with the lithium flow in the environment of the magnetic fusion reactor, the MHD stable flow state can be obtained by using the maximum bottom width and not developing to a rivulet flow. Fig.8 Relationship of the stable V with inlet film thickness
Effect of the chute width on stable V

Effect of the inlet film thickness on stable V
The relationship of the stable V with inlet film thickness is shown in Fig. 8 , which indicates that the stable V under the strong magnetic field condition is smaller than the case of no magnetic field, which is because the drag effect of the Lorentz force is applied to the film flow. The relationships of d 0 with stable V are different in the three cases. In the case of no magnetic field the stable V increases with the increase of d 0 . The stable V firstly becomes big then almost does not increase with the increase of d 0 when the chute wall is insulating under the condition of strong magnetic field. But in the case of the conductive wall with strong magnetic field the stable V is firstly increasing then decreases with the increase of d 0 . In other words there is only one inlet film thickness corresponding to the maximum stable V and this d 0 is very small. Such as under the conditions of Fig. 8 , the maximum stable V is about 0.8 m/s corresponding to the film thickness of 1.5 mm. Those results indicate that the inlet film thickness corresponding to the maximum stable V is the best choice when the chute wall is conductive, the choices of bigger or smaller d 0 may cause MHD instability of the film flow. From Fig. 8 we also can see that when the inlet V is smaller than the maximum stable V in the case of conductive wall, there are two film thickness values corresponding to this V , which is in agreement with the conclusions from section 3.3.
Effect of the radial magnetic fields (B n )
on stable V Fig.9 Relationship of the stable V with inlet film thickness considering the effect of Bn, (a) In the case of conductive chute wall, (b) In the case of insulating chute wall Fig. 9(a) shows the relationship between the stable V and the inlet film thickness considering the effects of the toroidal (B 0 ) and radial (B n ) magnetic fields at the same time in the case of conductive wall, B 0 is along Z direction and B n is along Y direction as shown in Fig. 1 . Fig. 9(a) indicates that the radial magnetic field (B n ) has a big effect on the relationship of stable V with d 0 . The maximum stable V decreases obviously with the increase of B n , from Fig. 9(a) we can see that if there is no B n the maximum stable V is equal to 1.95 m/s. But it is about 0.55 m/s when B n is 0.1 T, which means very small radial magnetic field has a significant impact on the film flow state and will easily cause MHD instability compared to the no B n case. When B n is equal to 0.5 T, we can see from Fig. 9(a) that the relationship of stable V with d 0 is different from the no B n case. The stable V increases with d 0 and the maximum stable V is about 0.1 m/s, which means under this condition MHD instability phenomena will often occur. As we know there are normally the toroidal (B 0 ) and radial (B n ) magnetic fields at the same time in a magnetic fusion reactor, the significant impact of B n on MHD instability of the MHD film flow should be considered in the future liquid divertor design.
The relationship between the stable V and the inlet film thickness considering the effects of B 0 and B n in the case of an insulating chute wall is shown in Fig. 9(b) , which indicates that the effect of B n in the insulating wall case is much smaller than that in the case of a conductive wall. The stable V decreases with the increase of B n . From Fig. 9(b) it also can be seen that if d 0 is smaller than 0.01 m B n has a significant impact on the stable V . Such as if there is no B n the stable V is equal to about 5 m/s, but it is about 1 m/s if B n is equal to 0.5 T when the inlet film thickness is 0.01 m. So in the insulating chute wall case the MHD instability of film flow can be reduced using the thick film concept such as the film thickness is bigger than 0.01 m considering the effect of B n , meanwhile the thicker lithium film flow can reduce the irradiation damage from the neutron on the solid materials.
Flow control for the liquid metal MHD film flow
MHD instability phenomena of the film flow with big thickness (10-60 mm) in an insulating chute do not often occur because the maximum stable V of this type of flow under a strong magnetic field is big, which can be seen from section 3.4. In this section, flow control methods for the MHD film flow in the chute with a conductive wall are discussed because the conductive chute is closer to the real conditions of future magnetic fusion reactors.
The case of uniform magnetic field
The maximum stable velocity of MHD film flow in the conductive chute is very small because of the impact of the strong magnetic field, but the heat transfer requirement of high heat flux from plasma normally needs a high velocity to remove the tremendous amount of heat. High velocity normally causes MHD instability of liquid lithium film flow, so it is very difficult to get the stable MHD film flow state and satisfy the heat removal requirement of high heat flux from plasma in the conductive wall cases.
For gravity and momentum driven MHD film flows the equation when the film flow is in a stable state is: F mg = F j + F f , where F mg , F j , and F f are gravity, Lorentz force and hydraulic frictional drag respectively. If the equation is F mg ≈ F j + F f , the MHD film flow state is at near equilibrium flow state. The flow control methods for MHD film flow under a uniform magnetic field are getting the near equilibrium flow state by optimizing the choice of the parameters such as inlet velocity, the chute width, inlet film thickness, inclined degree etc. Firstly the chute with a properly big bottom width and not developing to rivulet flow can be chosen for reducing the MHD instability. Then the film thickness corresponding to the maximum stable V can be used to get the stable film flow state with maximum stable velocity. The Lorentz force is very sensitive to the parameters such as inlet velocity, the chute width, inlet film thickness, inclined degree etc. If the conditions such as the shape of chute and magnetic field are given, we can define the initial velocity corresponding to other parameters to control the MHD film flow at stable state. Such as in the case of B=2 T, theta=60, we can define the inlet velocity as below to get the stable lithium film flow, V = (0.024 − 0.223W − 398.22d 0 + 0.47W 2 − 4018.8d Fig.10 (a) Relationship between B0 and theta when the MHD film flow state is stable; (b) relationship between B0 and the chute width when the MHD film flow state is stable Fig. 10(a) shows the relationship between B 0 and theta when the MHD film flow state is stable, which indicates that the film flow state caused by the change of magnetic field can be controlled by changing the inclined angle of the chute. A sketch of this method is shown in Fig. 11(a) , this is one of the flow control methods by adapting the gradient magnetic field with changing inclined angle based on the results of Fig. 10(a) . The other method is based on the result of Fig. 10(b) , which shows the width changing with the magnetic field when the MHD film flow state is stable. It can be seen from which that the increase of the chute width can adapt to the increasing gradient magnetic field to make the MHD film flow state stable. So for the liquid divertor the liquid film can be designed to flow from the strong magnetic field to the weak magnetic field and the chute width changing smaller to adapt to this change of magnetic field, a sketch of this method is shown in Fig. 11(b) . In this study, we proposed a new multi-layers MHD film flow concept to get the stable MHD film flow state by the help of a solid metal mesh [19] . The sketch of the multi-layers MHD film flow system is shown in Fig. 12(a) . This flow system includes three layers which are a basic layer (layer I), an adjust layer (layer II) and a stable layer (layer III). The stable film layer on the solid metal mesh can be obtained by adjusting the distance between the solid mesh and bottom surface and the radius of the mesh. Firstly, this flow system can ensure not developing to rivulet flow because of the adsorption and irrigation effect of the solid mesh; secondly, adjusting the distance between solid mesh and the bottom curve surface can adapt to the change of flow state caused by the curvature change of the curved bottom surface; thirdly, adjusting the radius of the mesh in a different flow distance can ensure the film flows along the curved surface and no liquid metal sputtering to plasma. Fig. 12(b) shows how to adjust the distance between solid mesh and curved bottom surface to get the stable MHD film flow state on the solid mesh. The liquid metal in this computation is the liquid alloy of Ga 68 In 20 Sn 12 because this liquid metal is used in our experiment. From Fig. 12(b) it can be seen that for different V 0 the change of local distance is different, and these results will provide guidance for the next experiments. 
The case of gradient magnetic field
Experimental results
The experiments on liquid MHD film flows are carried out on the liquid metal loop in the Southwestern Institute of Physics (SWIP). The liquid metal used in the experiments is an alloy of Ga 68 In 20 Sn 12 whose melt point is about 10
• C. The experimental loop is sealed and filled with argon to protect the liquid metal from contact with air. The liquid metal is accelerated by an electromagnetic (EM) pump and the mean velocity is measured by an EM flowmeter. The direction of gradient magnetic field is perpendicular to the side walls, which can be seen from Fig. 2(b) , (c) and (d), the maximum magnetic field is 2 T. The experiments on the MHD film flows along flat or curved bottom surfaces are conducted in this study, moreover the experiments on the multi-layers MHD film flows with solid metal mesh are also carried out to check the effectiveness of this new concept. The experimental results of MHD flat film flows under gradient magnetic field are shown in Fig. 13 . The width of this conductive chute is 25 mm and the inlet film thickness is 3 mm, the chute wall is made from 304 stainless-steel. The pictures on the MHD film flow state are obtained by a high-speed camera. Fig. 13 indicates that the liquid metal film is a turbulent flow when there is no magnetic field and cannot cover the whole bottom surface which may be because of the poor wettability of the bottom surface. When the maximum gradient magnetic field increases to 1.4 T the turbulence of the MHD film flow is suppressed and it shrinks with the increase of flow distance, like a tight rope, the surface of this "rope" is smooth which can be seen from Fig. 13(b) . Fig. 13(c) shows that when the magnetic field increases to 1.85 T, the phenomena of the "rope" dispersion is observed and the film becomes turbulent flow again with bigger vortex compared to the case of no magnetic field. The inlet velocities in the above three cases are the same as each other. The experimental results above indicate that there is two flow states transition considering the MHD effects of the film flows, which is from normal gravity driven turbulent film flow to Lorentz force dominant laminar film flow to gravity driven turbulent film flow. The theoretical results of Fig. 14 can give a physical explanation to this phenomenon, there exist two flow states in region 2 and they are gravity driven turbulent film flow (A2 as shown in Fig. 14) and Lorentz force dominant laminar film flow (A1 as shown in Fig. 14) . The curves of A1 and A2 are the film flow in the stable state and if it is not in the stable state the curve for Lorentz force dominant laminar film flow should be the curve of B1 shown in Fig. 14 . The curves of B1 and A2 will have a point with the increase of the flow velocity, after this point the flow state may evolve along two different directions i.e. two different flow states: one is along the curve B1 which represents Lorentz force dominant laminar film flow; the other is along the curve A2 which represents gravity driven turbulent film flow. In the experiment, the above two flow states transition in region 2 occurs with the increase of velocity. Experimental results of MHD curved film flows with and without solid metal mesh are shown in Fig. 16 , which indicates that the liquid metal cannot cover the whole curved bottom surface without the help of solid metal mesh. In addition the phenomenon that liquid metal cannot flow along the curved surface is also observed in these experiments. The turbulence of the liquid film flow is suppressed with the increase of magnetic field which can be seen from Fig. 16(c) . The film is turbulent flow in the case of no magnetic field, but the turbulence is almost suppressed completely when the magnetic field is equal to 1.83 T. Fig. 16(d) shows the experimental results of the multi-layers curve MHD film flow with solid mesh, the distance from the solid mesh to the bottom curved surface is guided by the results of Fig. 12(b) . From Fig. 16(d) we can see that the liquid metal can cover the whole bottom surface and flow along the curved bottom surface, the film flow state on the solid mesh is stable and the surface of it is smooth because the turbulence is suppressed by the strong magnetic field. The experimental results about multi-layers curve MHD film flow with solid mesh demonstrate that this new flow control concept on the curved MHD film flow is effective. 
Flat MHD film flows
Conclusions
Based on the above numerical and experimental results, the conclusions can be drawn as follows:
(1) One chute width corresponds to one inlet velocity when the MHD flow state is stable, increase of the chute width can reduce the MHD instability and the wider chute can cause much bigger velocity without MHD instability. When the inlet velocity is much bigger than the stable V 0 MHD instability phenomenon occurs such as the local velocity decreases to 0 m/s with the increase of flow distance especially for the case of the conductive chute.
(2) There is only one inlet film thickness (d e ) corresponding to one V 0 when the MHD film flow state is stable in the case of an insulating chute wall, but in the case of a conductive chute wall there are normally two inlet film thicknesses (d e1 and d e2 ) corresponding to the stable film flow state. When the inlet film thickness is much bigger than d e2 , the phenomenon that the local velocity almost decreases to 0 often occurs.
(3) The stable V increases with the increase of the chute width, but when the chute width is bigger than 2 m the stable V increases little with the increase of the chute width. The stable V firstly becomes big then almost does not increase with the increase of d 0 when the chute wall is insulating. But in the case of the conductive wall the stable V is firstly increasing then decreases with the increase of d 0 .
(4) Small radial magnetic fields (B n ) have a very big impact on the stable V especially for the conductive chute case. The maximum stable V when B n is equal to 0.5 T decreases several times compared to the no B n case. Strong magnetic fields (B 0 and B n ) make the maximum stable V of the MHD film flow very small. (6) The turbulence of MHD film flow is suppressed by the strong magnetic fields. The liquid metal cannot cover the whole bottom curved surface and flow along it without the solid mesh. With the help of the solid mesh the liquid metal can cover the whole bottom surface and flow along it, moreover the stable MHD flow state can be obtained by the help of the solid metal mesh.
